The pattern, pace and extent of the evolutionary radiation of modern birds (Neornithes) by the end-Cretaceous (65 Ma) has long been debated. Well-dated, taphonomically understood and phylogenetically constrained fossil birds from both sides of the Cretaceous-Paleogene (K-Pg) boundary are required to quantify the shape of this radiation, but have largely been lacking. Here we report on a large collection of fossil birds from the Lower Eocene of Denmark (ca. 54 Ma) that includes three-dimensionally preserved, articulated specimens from carbonate concretions as well as skeletal imprints and feathers. These birds are from a marine diatomite sequence (the Fur Formation), a low-energy deep-water preservational environment unique to the Cretaceous and Paleogene avian fossil record. We present taphonomic and palaeoecological information gleaned from these birds that in combination with phylogenetic data have implications for unravelling avian survivorship across the K-Pg boundary as well as for the pattern of the neornithine evolutionary radiation.
INTRODUCTION
The pattern and timing of the evolutionary radiation of modern birds (clade Neornithes) has been debated for more than 20 years. The history of this lineage-that includes all the living, or modern birds and their extinct and fossil relatives-is a key focus in several areas of palaeontology and evolutionary biology: the discrepancy between early molecular dates and late fossil dates of divergence of the modern orders, the role of the end-Cretaceous (K-Pg) mass extinction in re-setting bird evolution and the quality of the avian fossil record (Cooper and Penny 1997; Bleiweiss 1998; Benton 1999; Dyke 2001; Feduccia 2003; Dyke and van Tuinen 2004; Fountaine et al. 2005; Ericson et al. 2006; Dyke et al. 2007) . Several questions remain unresolved ( Figure 1) : how deep into the Cretaceous do the extant lineages extend? Did many-or all-of the modern clades of birds cross the K-Pg boundary before radiating explosively in the Paleocene and Eocene? How many pulses to the modern avian radiation can be identified in the fossil record? What kind of environments did birds inhabit at the time of the K-Pg transition?
Molecular clock-based dates for neornithine divergences markedly contrast with the known fossil record-while evidence from molecules infers almost all divergences deep in the Cretaceous, there is little convincing fossil evidence for modern birds prior to the base of the Paleogene (Dyke 2001; Dyke and van Tuinen 2004; van Tuinen et al. 2006) .
Because of the almost total absence of well-preserved fossil material close to, or within, the neornithine radiation from the Cretaceous (Dyke and van Tuinen 2004; Clarke et al. 2005; Tambussi and Acosta Hospitaleche 2007) , focus has been placed on the numerically much richer early Paleogene record as a tool for understanding the pattern of modern avian evolution (Dyke 2001) . A series of key deposits of Paleocene and early to mid Eocene age has been documented across Europe and North America (Dyke and van Tuinen 2004; Mayr 2005; Lindow and Dyke 2006; Bertelli et al. 2009 ), but the fossils they contain are typically disarticulated or flattened (or both) and thus cannot yield adequate morphologic information for phylogenetic analysis. To date, no collection of fossil neornithines from a single geological unit has been critically evaluated in terms of specimen taphonomy, their stratigraphic distribution or the phylogenetic placement of taxa in an attempt to elucidate the base of the modern avian radiation. An accumulation of fossil birds, preserved within a small time interval, would allow precise dating of the minimum ages of phylogenetic divergences-a definitive measure of both the extent and pace of the neornithine evolutionary radiation.
One such accumulation comprises the fossil birds from the Lower Eocene Fur Formation of Denmark ( Figure 2 ) which add critical new data bearing on modern avian evolutionary dynamics. Over a 100 Danish fossil specimens are known (as shown in the supplementary data of Appendix 1), commonly three-dimensionally preserved with Figure 1 . The two competing end-member hypotheses to explain the shape of the evolutionary radiation of modern birds (Neornithes): left side, 'explosive' avian radiation in the early Paleogene (Paleocene and Eocene); right side, bulk of diversification occurs in the Cretaceous, prior to the K-Pg extinction. Figure 4 ). The Fur Formation birds also often have soft tissue (feathers, skin and scales) remaining ( Figure 3 ) (Appendix 1), and have been increasingly wellconstrained phylogenetically Lindow and Dyke 2006; Bertelli et al. 2009 ).
In this paper, we present the geological background to the Fur Formation, describe the skeletal taphonomy of the known fossil birds and discuss their significance both to the Eocene fossil record and for reconstructing the shape and pace of the modern avian evolutionary radiation. The Fur Formation birds are important because they represent the oldest accumulation of fossil modern avians for which taphonomic and phylogenetic control are available. Thus we add the available fossils to a comprehensive data set of Paleocene and Eocene birds, and show that their depositional context is unique to the K-Pg avian record: an offshore marine diatomite sequence. By far the majority of Paleogene fossil birds known to date are from marginal marine and freshwater sequences ).
GEOLOGICAL BACKGROUND
Sediments of the Fur Formation crop out in northwest Jutland, Denmark ( Figure 2 ), and comprise at least a 60 m thickness of marine diatomite (Pedersen and Surlyk 1983) interbedded with more than 170 layers of volcanic ash from volcanic eruptions during the opening of the Norwegian-Greenland Sea (the North Atlantic Magmatic Province) in the earliest Eocene (Figure 4 ). The Fur Formation is Early Eocene in ageconfirmed by 39 Ar/ 40 Ar dates of 54.5 and 54.0 Ma obtained from two ash layers (Chambers et al. 2003) and by the presence of the Paleocene/Eocene boundary in the underlying Stolleklint Clay Member of the Ølst Formation (Heilmann-Clausen and Schmitz 2000). Sediments were deposited in a region of intensive local upwelling in the North Sea Basin; nutrient-rich bottom water resulted in extraordinary blooms of diatoms (Pedersen and Surlyk 1983) . Sedimentation of their tests formed a fine-grained diatomite sediment consisting of 45-65% diatoms, 30-45% clay minerals and approximately 10% volcanic dust (Pedersen et al. 2004 ). Because the formation was deposited at water depths below the storm wave-base under anoxic or slightly dysoxic bottom conditions that did not persist upwards, well-preserved, articulated vertebrate fossils, including birds, are relatively common (Pedersen and Surlyk 1983; Bonde 1987) . Within certain horizons calcareous carbonate concretions occur, sometimes in more-or-less continuous layers (Pedersen and Surlyk 1983 ). X-ray diffraction analysis shows the concretions consist exclusively of low Mg-calcite and the overall CaCO 3 -content is 70-90 wt% and d 13 C-values of À20 to À16% indicate that most of the carbonate has a bacterial origin (Pedersen and Buchardt 1996) . The concretions nucleated in the sea-floor sediment, sometimes around fossils as nucleation centres for the limestone, a relatively short time after deposition (Pedersen and Buchardt 1996) .
Although fossil birds have been collected from a number of different localities and horizons within the outcrop area of the Fur Formation, they all derive from the same depositional environment; changes in bottom conditions and oxygen levels occurred simultaneously across the depositional basin (Pedersen and Surlyk 1983) . 
Collection analysis
One hundred seventy-two fossil bird specimens are currently known from the Fur Formation of which more than 40% are isolated feathers (Appendix 1). Data for these specimens were collated, including taxonomic information, type and mode of preservation, degree of skeletal completeness and stratigraphic and phylogenetic placement (where available). Precise stratigraphic provenance is known for more than 50% of the specimens (Lindow 2007) . Since the Fur Formation birds are key additional data points documenting the extent of the modern avian radiation by the Early Eocene, we have added them to a comprehensive data set of named taxa from the Paleogene (Paleocene and Eocene; N ¼ 132; Dyke et al. 2007 ) ( Figure 5A ) (as shown in the supplementary data of Appendix 2).
Quantitative taphonomy
Building on an initial census of the Fur Formation birds, including all isolated feathers (Kristoffersen 2002) , we have documented the mode of preservation of all skeletal material (N ¼ 108; Appendix 2) and coded 'degree-ofdisarticulation' following Davis and Briggs (1998) (Figure 5B ). These workers described an idealized disarticulation sequence for avian carcasses comprising 11 stages based on actual observations of experimentally degraded carcasses of modern birds (Table 1) . Davis and Briggs (1998) also included disarticulation data from four fossil bird-bearing deposits ranging in age from Jurassic (Solnhofen Limestones, Germany; 140 Ma) to Eocene (Green River Formation, Wyoming; Messel oilshales, Germany; La Meseta Formation, Antarctica; 55-50 Ma).
Results-compared with decaying birds in modern comparable sedimentary situations-demonstrated a grade of increasing disarticulation from protected (Solnhofen) through to higher-energy sedimentary environments (La Meseta); unsurprisingly bird carcasses exposed to higher energy regimes are relatively more disarticulated that those experiencing less energy ( Figure 5B ). Furthermore, since the analysis of Davis and Briggs (1998) , additional material of Archaeopteryx from the Solnhofen Limestone has been recovered (Maüser 1997; Wellnhofer and Röper 2005; Mayr et al. 2007) . We included this material in the comparative analysis and assigned it to the relevant decay stages through studies of the pertinent literature. Davis and Briggs (1998) , however, did not interpret their results in the context of avian survivorship across the K-Pg boundary or sample a low-energy marine depositional environment, as recorded by the Fur Formation.
TAPHONOMY AND ENVIRONMENT OF PRESERVATION

Skeletal taphonomy
The majority of the Fur Formation fossil birds are body fossils (58%), preserving bone (Figure 3 ; left) and/or soft tissues, such as feathers and scales (Figure 3 ; right) (Appendix 1). The remainder are preserved as imprints (compressions) in the fine-grained diatomite (Kristoffersen 2002) . Thus, two end-member modes of preservation can be discerned: fossil are preserved in three dimensions within carbonate concretions or are preserved as imprints in diatomite. Although these imprinted fossils are often slightly flattened (Figure 3) , the sediment is fine-grained enough to allow details to be picked out on a 1/20 mm-scale (Lindow and Dyke 2006, 2007) . Imprints of feathers and soft tissue are common in the Fur Formation; as mentioned above around 40% of all the bird fossils from the formation are carbonized compressions of lone feathers (Figure 3 ; bottom right) or feather imprints in life position with respect to bones (Figure 3 ; top right). Fossil remains from within the carbonate concretions are usually threedimensionally preserved as the hard concretions protected their contents from compaction (Pedersen and Surlyk 1983) ; a critical characteristic if they are to be included in phylogenetic analyses (Bertelli et al. 2009 ). Because of the low-energy environment of preservation, combined with typical fossilization within concretions, the bulk of the Fur Formation birds exhibit low degrees of disarticulation ( Figure 5B ). Fossils are both taphonomically distinctive and record a different palaeoenvironment than known from elsewhere in the Paleocene and Eocene (Lindow and Dyke 2006) : the vast majority of fossil birds of this age are body fossils from terrestrial lake environments (e.g. Messel, Green River Formation) or from near-shore sequences (La Meseta Formation, London Clay Formation) . Nevertheless, compared to other Lower Eocene sites (Messel, Green River Formation), the Fur Formation contains very few specimens coded as 'least disarticulated' (stages 1 and 2; Davis and Briggs 1998) . Most known Eocene sites comprise more than 90% single bones (Mlíkovský 2002) .
Stratigraphic distribution
Fur Formation fossil birds are concentrated within distinct horizons that occur in the middle and lower parts of the formation (Figure 4) . The majority of specimens derive from just two levels: one encompassing ash layers þ25 to þ30 (carbonate concretion level 'E' of Breiner 1972) , and another encompassing ash layers -11 to -13 ( Figure 4) . Such localized preservation reflects changes in ocean bottom conditions-the lower and middle parts of the formation are known to have been lower in oxygen, inhibiting the activities of scavengers and thus bioturbation. In the upper part of the formation above ash layer þ30, where far less fossils are preserved, bottom conditions improve; this is reflected in an increase in the degree of bioturbation and recorded trace fossils (Pedersen and Surlyk 1983) . The stratigraphic distribution of fossils ( Figure 4) shows that birds are common only at certain levels within the Fur Formation-characterized by both low O 2 and abundant ash layers. One factor alone cannot explain this selective preservation, however, because low O 2 bottom conditions characterize the well-laminated sequence between ash layers À13 and À17 where fossil birds are entirely absent (Figure 4) .
Interplay between the effects of volcanic ash deposition and low O 2 bottom conditions thus likely contributed to the preservation of the Fur Formation fossil birds, perhaps contributing to an environmental lag effect. This argument could be further tested by use of the fossil fishes known from this deposit; these taxa should exhibit the same taphonomy but a markedly different depositional history. However, ash fall deposition alone can be ruled out as an immediate factor causing the death of most of the Fur Formation birds, as few of them are preserved in direct contact with these layers (Figure 4) .
Preservation environment
The preservation environment of the Fur Formation-a marine diatomite-is unique to the Paleogene fossil record of birds . Adding the Danish specimens to a comprehensive data set of Paleocene and Eocene birds (65-49 Ma; Dyke et al. 2007; Appendix 2) shows that, although the bulk of sediments yielding fossil avians from the Paleocene are aquatic, these sedimentary environments are most often either marginal marine or lacustrine ( Figure 5A ). This is due to taphonomic bias: we can rule out relative preservation potential as a factor influencing these data because older birds known from the Mesozoic (146-65 Ma), where there are higher volumes of aquatic sediments (Fara 2002) , have been recorded across all kinds of environments (Fountaine et al. 2005; Dyke et al. 2007 ) ( Figure 5A ). There is no reason to expect that Paleogene birds were any more or less, prone to fossilization than their older Mesozoic counterparts. Also of relevance to this question is the fact that global sea level ('base level') is known to have fallen from the Cretaceous into the Paleogene (Fara 2002). This could have lead either to an overall increase in the available volume of 'terrestrial' rock compared to marine or alternatively could explain the rarity of birds in terrestrial environments because these settings are less commonly preserved. In any case, it remains possible that the simple presence of more birds in aquatic environments in the aftermath of the K-Pg event is independent of preservation potential. Dyke et al. (2007) interpreted this result as indicative simply of the presence of more birds living in aquatic environments in the K-Pg aftermath than present during the latter stages of the Cretaceous.
The birds collected from the Fur Formation sediments, however, do not represent a 'marine' avifauna. The anatomy and phylogenetic placement of only two taxa are consistent with a near-shore or sea-going ecology (e.g. Charadriiformes; Bertelli et al. 2009 ). Closer study of the specimen referred to 'Pelecaniformes' n. gen. et sp. by Dyke and Lindow (2006) has revealed it to be, in fact, a new genus and species of galliform bird (Personal Observation, Lindow, 2008) . All other specimens clearly have a more terrestrial provenance (Dyke and Lindow 2006) . Small 'landbirds'-swifts (Apodiformes) and mousebirds (Coliiformes)-although relatively abundant within the sequence were almost certainly not living out at sea. None of the fossils shows signs of being re-worked into the Fur Formation sediments subsequent to death and fossilization.
DIVERSIFICATION OF MODERN BIRDS
The more than 160 specimens of fossil birds collected to date from the Fur Formation include at least 30 taxa representing 13 clades of Neornithes (Lindow and Dyke 2006) . Taxonomic identification of these specimens has been based on phylogenetic analysis-either the fossils have been included within matrices alongside their extant counterparts, or they have been identified via direct comparisons with other Paleogene taxa that have been already evaluated using cladistic phylogenetic methods Lindow and Dyke 2006; Bertelli et al. 2009 ). A recent morphological character-rich phylogenetic hypothesis encompassing extant Neornithes recognised 33 'ordinal-level' clades (Livezey and Zusi 2007) . Fossil birds from the Fur Formation include representatives of 11 of these higher-level clades; not only taxa inferred to belong to basally diverging lineages (Lithornithiformes, Galliformes) but also representatives of crownward clades such as Apodiformes, Coliiformes and Coraciiformes Lindow and Dyke 2006) .
It has long been argued that fossil modern birds, when placed confidently within phylogenetic hypotheses, provide the only definitive evidence for the minimum divergence age of that clade (Bleiweiss 1998; Dyke 2001) . Molecular clock-based estimates for clade divergence, on the other hand, are indirect at best and are subject to assumptions of rate constancy through time (Dyke and van Tuinen 2004; Ericson et al. 2006) . We have conclusive evidence, based on fossils preserved in deposits such as the Fur Formation, for the phylogenetic extent of the radiation of Neornithes by the Early Eocene, 54 Ma.
In the preceding Paleocene epoch a number of neornithine taxa are known, although the lack of a good taphonomic window means that few fossils are preserved as even remotely complete specimens. Nonetheless, the following groups have been described with certainty: palaeognathous Lithornithidae (Houde 1988; Mayr 2007) , anseriform Gastornithidae (Buffetaut 1997; Mayr 2007) and Presbyornithidae (Olson 1994; Benson 1999) , Cariamae (Mayr 2007) , Phorusrhacidae (Alvarenga and Höfling 2003) , Messelornithidae (Mourer-Chauviré 1995), Odontopterygiformes (Harrison 1985; Bourdon 2005; Bourdon et al. 2005) , Strigiformes (Rich and Bohaska 1976; Mourer-Chauviré 1994; Mayr 2007 ). In addition, hard evidence in the shape of the presence of undoubted anseriforms in the latest Cretaceous implicates the existence of at least three other lineages of Neornithes in the Cretaceous: Galliformes (the sister taxon of Anseriformes); Neoaves (the sister taxon of Galloanserae) and Palaeognathae (the sister taxon of Neognathae) (Clarke et al. 2005) . Finally, recent well-resolved molecular phylogenies using a wide array of genomic sampling and calibration by the use of phylogenetically welldocumented and well-constrained fossils indicate that while some neoavian lineages were present in the Late Cretaceous, the main higher-level diversification phase within the clade took place during the Paleocene, after the K/T-boundary (Ericson et al. 2006; Brown et al. 2008) .
However, the veracity of this pattern of temporally disparate origin and diversification of the modern avian lineages will remain unknown until deposits with suitable taphonomic environments capable of preserving birds are discovered for the late Cretaceous and Paleocene epochs.
